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The simian retrovirus (SRV) genome contains a constitutive transport element (CTE) within its 39 intergenic region (IR) that
mediates the nuclear export of unspliced SRV RNA. The serogroup 2 SRV CTE is predicted to form a stable stem–loop
structure containing two major internal loops exhibiting 180° inverse symmetry, with loop face sequences A, A9, B, and B9
and additional minor internal and terminal loops. To begin the identification of potential CTE-interacting proteins and to
assess structural requirements for protein interaction, we conducted RNA mobility shift assays using IR fragments that
obliterated this region’s known stable stem–loop structure. Using immunoblotting assays, we have determined that RNA
helicase A, implicated in the nuclear export of unspliced SRV genomic RNA, does not appear to interact directly with either
the complete serogroup 2 SRV 39 IR or the subregion RNAs and that formation of RNA–protein complexes is conferred by
interaction with other novel proteins. UV crosslinking of RNA–protein complexes, coupled with RNase T1/A digestion,
indicates that a novel protein of 120 kDa molecular weight interacts with the complete CTE or with individual subregion RNAs.
Transfection analyses indicate that SRV recombinants containing A, A9, B, or B9 sequences forming the faces for two open
loops undergo RNA export; only the complete sense CTE recombinant or a second recombinant containing two subregions
in sense orientation that reconstitute the 39 two-thirds of the 39 IR, and contain only A9 and B that form the faces for two
terminal loops, are capable of SRV RNA export. These experiments indicate that secondary structural determinants of the
39 IR and multiple protein interactions may be important factors in the nuclear export of unspliced SRV RNA. © 1999 Academic
Press
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aINTRODUCTION
Nucleocytoplasmic export of RNA molecules from the
ucleus occurs continuously in eukaryotic cells and is a
undamentally important process for cellular metabolism
Gerace, 1992; Jarmolowski et al., 1994; Izaurralde and
atta, 1995; Grimm et al., 1997; Nakielny and Dreyfuss,
997). Prior to export from the nucleus to the cytoplasm,
ost cellular pre-mRNAs are spliced and polyadenylated
Vankan et al., 1990; Wasserman and Steitz, 1991; Grimm
t al., 1997; Nakielny and Dreyfuss, 1997). However, ret-
oviruses can bypass this cellular requirement and ex-
ort unspliced or partially spliced viral RNAs directly to
he cytoplasm; these RNAs serve as templates for pro-
ein synthesis or as genomic RNA for direct packaging
nto virion particles (Hammarskjold, 1997; Cullen, 1998).
he complex retroviruses, including the human immuno-
eficiency virus (HIV), encode trans-acting proteins that
1 Present address: Loma Linda University School of Medicine, Loma
inda, California.
2 To whom correspondence and reprint requests should be ad-
ressed at the Division of Neuroscience, Oregon Regional Primate
esearch Center, Oregon Health Sciences University West Campus,
05 NW 185th Avenue, Beaverton, OR 97006. Fax: (503) 690-5384.s-mail: machidac@ohsu.edu.
37acilitate export of unspliced or partially spliced viral
NAs. In the case of HIV-1, the viral-encoded Rev protein
inds to its cognate RNA target, the Rev-response ele-
ent, which promotes the nucleocytoplasmic export of
nspliced HIV-1 RNAs (Hanly et al., 1989; Olsen et al.,
990; Meyer and Malim, 1994; Utz et al., 1994; Fischer et
l., 1995; Saavedra et al., 1997).
For retroviruses containing simple genomic structures,
uch as the type D simian retroviruses (SRVs) and the
vian and murine leukemia viruses, the export of un-
pliced viral RNAs is mediated by interaction between
iral cis-acting sequences and cellular transport factors
Bray et al., 1994; Ogert et al., 1996; Ernest et al., 1997a;
aavedra et al., 1997). The type D simian retroviruses are
omposed of five distinct, but genetically related, sero-
roups (Power et al., 1986; Sonigo et al., 1986; Thayer et
l., 1987; Marracci et al., 1995, 1999). SRVs are the pre-
ominant etiological agent of simian acquired immuno-
eficiency syndrome and have been associated with
mmunodeficiency, retroperitoneal fibromatosis, anemia,
nd thrombocytopenia in several species of Asian ma-
aques (Gardner and Luciw, 1989; Giddens et al., 1985;
hiigi et al., 1985; Tsai et al., 1986, 1990). Serogroup 1
nd 3 SRVs are closely related and may constitute a
ubfamily, with the serogroup 2 SRVs being more dis-
0042-6822/99 $30.00
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38 LI ET AL.antly related (Power et al., 1986; Sonigo et al., 1986;
hayer et al., 1987; Marracci et al., 1995, 1999). The 39
ntergenic region (IR) of Mason–Pfizer monkey virus
MPMV), a serogroup 3 SRV, contains a constitutive
ransport element (CTE) that enables rev-independent
IV-1 replication and can promote the nuclear export of
nspliced HIV mRNA in the absence of Rev and Rev-
esponsive element (Bray et al., 1994; Rizvi et al., 1996,
997). The SRV serogroup 1 (SRV-1) and MPMV CTEs
oth fold into an extended RNA stem–loop structure
ontaining two nearly identical internal loops and an
AGA bulge adjacent to the lower loop (Tabernero et al.,
996; Ernst et al., 1997b). The internal loops are oriented
t 180° relative to each other on the RNA stem–loop
tructure (Tabernero et al., 1996; Ernst et al., 1997b).
utagenesis and expression analyses in mammalian
ells or Xenopus oocytes indicates that the internal loops
nd adjacent stem sequences are essential for nuclear
xport of unspliced SRV RNA and that the two loops may
erve as cooperative binding sites for cellular protein
nteraction (Tabernero et al., 1996; Ernst et al., 1997b;
asquinelli et al., 1997; Gruter et al., 1998). In the case of
ammalian cells, both loops appear to be essential for
ucleocytoplasmic SRV RNA export; duplication of either
alf of the CTE, containing two duplicate loops, allows
TE function in the absence of the other half (Cullen,
998). Interestingly, in the case of Xenopus oocytes, the
TE is fully functional with only one intact loop (Cullen,
998).
Candidate cellular proteins involved in the nuclear
xport of unspliced SRV genomic RNA have been iden-
ified (Tang et al., 1997a). In one study, electrophoretic
obility shift and UV-crosslinking studies identified 65-
nd 40-kDa proteins that interact specifically with MPMV
nd SRV-1 CTEs (Tang et al., 1997a). RNA helicase A
adenosine 59-triphosphate-dependent RNA helicase)
as been implicated by these same investigators as
laying a role in the nuclear export of CTE-containing
NAs and has been proposed to bind the CTE (Tang et
l., 1997b). However, another group has demonstrated
inding of two different proteins with apparent molecular
eights of 190 and 85 kDa to the MPMV CTE (Pasquinelli
t al., 1997), with neither protein retaining the size or
mmunological reactivity of helicase A. More recently,
AP, the human homologue of Mex67p (Segref et al.,
997), has been demonstrated to bind to the SRV-1 CTE
Gruter et al., 1998) and can stimulate SRV RNA export in
icroinjection experiments conducted in Xenopus oo-
ytes (Gruter et al., 1998).
Our laboratory has identified and sequenced an infec-
ious molecular clone of the serogroup 2 simian retrovi-
us, D2/RHE/OR/V1 (Marracci et al., 1999). The 39 IR in
he D2/RHE/OR/V1 genome, including the CTE, is lo-
ated at nucleotide positions 7583–7794 and is highly
onserved among the cloned SRV serogroups (Marracci
t al., 1999). Our objectives are to more precisely identify 7enomic sequence elements or subregions important in
he nuclear export of unspliced SRV RNAs and to con-
inue the identification of interacting cellular proteins. In
his report, we present evidence that the CTE recognizes
everal cellular proteins, with one protein of 120 kDa
olecular weight recognizing the CTE at multiple sites of
nteraction, and that proteins other than RNA helicase A
ay be involved in the nuclear export of unspliced SRV
NA. We also present evidence that only two of the A, A9,
, or B9 sequences found on the inner loop faces of the
omplete CTE, when present as the faces of two terminal
oops in a mutant recombinant, are sufficient for nucle-
cytoplasmic export of SRV RNA.
RESULTS
he D2/RHE/OR/V1 CTE is predicted to form a stable
tem–loop structure containing two major internal
oops and additional minor loops
The primary serogroup 2 SRV used in these studies
as D2/RHE/OR/V1 (Marracci et al., 1999). This virus and
2/RHE/OR and D2/CEL/OR, additional serogroup 2
RVs (Marx et al., 1985; Marracci et al., 1995), are highly
elated viruses that have identical (D2/RHE/OR) or near-
dentical (D2/CEL/OR; 99% similar) 39 IRs (Marracci et al.,
999). Interestingly, the D2/RHE/OR/V1 39 IR has 81 and
3% similarity to corresponding sequences found in
RV-1 (D1/RHE/CA isolate) and MPMV, respectively (Fig.
). Many of the nucleotide changes observed between
2/RHE/OR/V1 and the serogroup 1 and 3 SRVs are
onserved within the latter two viruses (Fig. 1).
Computer modeling of the MPMV and SRV-1 CTE re-
ion contained within the 39 IR predicts the folding of a
table stem–loop structure containing two near-identical
6-nt internal loops, a 9-nt terminal loop, and several
ulges, including the AAGA bulge located adjacent to the
ower internal loop (Tabernero et al., 1996; Ernst et al.,
997b). Interestingly, the D2/RHE/OR/V1 CTE region
orms a slightly smaller upper internal loop (14 nt, loop 2;
ig. 2B) and converts two minor bulges identified in the
RV-1 and MPMV CTEs into minor loops (see Fig. 2B).
hese changes in the predicted secondary structure of
he D2/RHE/OR/V1 CTE are based on the observed
hanges in nucleotide sequence (Fig. 1). The sequences
omprising the two major internal loops are identical
etween D2/RHE/OR/V1, MPMV, and SRV-1, with the ex-
eption of a U-to-A base substitution at position 7668
U:A, D2/RHE/OR/V1:MPMV and SRV-1). This creates a
4-nt upper loop in the D2/RHE/OR/V1 CTE compared to
he 16-nt upper loops predicted for the MPMV and SRV-1
TEs. The AAGA bulge (position 7605–7608) located ad-
acent to the lower internal loop is conserved in the CTEs
f all three viruses. In addition, several substitutions in
2/RHE/OR/V1 (U to A at position 7614, G to A at position
616, C to A at position 7677, and C to U or A at position
678) creates two additional minor loops in place of the
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39NUCLEOCYTOPLASMIC EXPORT OF SRV GENOMIC RNAinor bulges predicted for MPMV and SRV-1 (Fig. 2B).
wo additional substitutions at positions 7648 (U to A)
nd 7649 (U to A or G) are identified in the terminal loop
f the D2/RHE/OR/V1 CTE; however, neither substitution
ffects the base-pairing of duplexes or secondary struc-
ure of the terminal loop region.
erogroup 2 simian retroviruses, including D2/RHE/
R/V1, express genomic and subgenomic
nv mRNAs in Raji cells
To verify that the D2/RHE/OR/V1 virus was capable of
xpressing genomic and subgenomic env mRNAs,
orthern blot analysis was performed using RNA prep-
rations from serogroup 2 SRV-infected Raji cell lines.
onsistent with the overall high sequence similarities of
he serogroup 2 SRVs (Marracci et al., 1999), D2/RHE/
R/V1, D2/RHE/OR, and D2/CEL/OR all express equiva-
ently sized genomic (9.0 kb) and subgenomic env (2.6
b) mRNAs (Fig. 3). This Northern analysis verifies that
enomic and subgenomic mRNAs are expressed in D2/
HE/OR/V1-infected Raji cells and validates the use of
his cell line for preparation of nuclear extracts for iden-
ification of CTE-binding proteins and as a transfection
ecipient (see below).
NA mobility shift assays indicate that SRV intergenic
ubregion RNAs each interact with one or more
uclear proteins
To more precisely identify genomic subregions impor-
ant in the nuclear export of unspliced SRV RNAs, and to
egin the identification of interacting cellular proteins,
e conducted RNA mobility shift assays using nuclear
xtracts prepared from uninfected and D2/RHE/OR/V1-
nfected Raji cells. Using polymerase chain reaction
FIG. 1. Nucleotide sequence comparison of the D2/RHE/OR/V1 3
2/CEL/OR, D1/RHE/CA, and MPMV. Nucleotide changes in D2/RHE/OR
etters. Dots represent identical nucleotides. Hyphens and vertical line
2/RHE/OR, D2/CEL/OR, D1/RHE/CA, and MPMV sequences were obta
nd Sonigo et al. (1986), respectively.PCR), we generated fragments representing three sub- [egions of the CTE-containing intergenic region (Fig. 2A;
1, R2, and R3 consisting of 58, 49, and 51 bp, respec-
ively) from the D2/RHE/OR/V1 molecular clone DNA, for
ndividual subcloning of fragments into pGEM3Zf(1).
ubregions were designed to precisely demarcate the
nd of the intergenic region (end of R3) and to exclude 39
TR sequence. Sense RNAs were synthesized by in vitro
ranscription.
RNA mobility shift assays using the 32P-labeled R1, R2,
nd R3 RNAs clearly demonstrate the ability of these
ense RNA probes to bind one or more nuclear proteins
Fig. 4). R1 and R2 RNA individually form a single RNA–
rotein complex (Fig. 4). R3 RNA appears to form at least
wo RNA–protein complexes (Fig. 4, right; more evident
n Fig. 6). In all cases, identical mobility shift patterns for
ach subregion RNA probe were visualized when either
ninfected or SRV-infected Raji extracts were employed
n binding reactions (Fig. 4). The use of uninfected cell
xtracts indicates that the bound proteins are not virus-
ncoded and appear to represent cellular proteins. In
ddition, binding experiments using disrupted D2/RHE/
R/V1 virion particles did not result in the mobility shift of
ny subregion RNA probe, providing additional evidence
hat the bound proteins are not virus-encoded (B. Li,
npublished observations).
omologous competition experiments verify
pecificity of subregion RNA probe
nteractions with nuclear proteins
Nonradioactive subregion RNAs were used as homol-
gous competitors in binding reactions of 32P-labeled
NAs with Raji nuclear extracts (Fig. 4). In all cases, a
0-fold excess of homologous RNA competitor was suf-
icient to dramatically decrease the amount of the
enic spacer region with corresponding sequences in D2/RHE/OR,
EL/OR, D1/RHE/CA, and MPMV sequences are indicated by lowercase
te deleted and inserted nucleotides, respectively. The D2/RHE/OR/V1,
om Marracci et al. (1995, 1999), Thayer et al. (1987), Power et al. (1986),9 interg
, D2/C
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40 LI ET AL.f free radioactive RNA probe (Fig. 4). Furthermore, in-
reases in homologous competitor to 100-fold excess
esulted in quantitative or near-quantitative release of
32P]RNA probe (Fig. 4).
eterologous competition experiments indicate
hat subregion RNAs may recognize
common protein molecule
All RNA–protein complexes appear to be effectively
isplaced by heterologous subregion competitors (Figs.
A, 5B, and 5C). In the cases of 32P-labeled R1 and R3
FIG. 2. D2/RHE/OR/V1 genomic map, description of PCR primers, an
gag, prt, pol, and env genes) of the simian retroviruses and the interge
he illustration denotes positions of subregions R1, R2, and R3 and p
ragments. Each PCR product was then subcloned into pGEM for transc
nner and outer loops contained within the D2/RHE/OR/V1 39 inter
2/RHE/OR/V1 39 intergenic region (CTE region) as analyzed by the RNNA binding reactions, addition of a 10-fold excess of Ronradioactive heterologous RNA competitors (nonra-
ioactive R2 and R1, respectively) resulted in the diminu-
ion in autoradiographic intensity of the [32P]RNA–protein
omplexes and partial release of free radioactive RNA
robe (Fig. 5). Increasing the heterologous RNA compet-
tor to a 100-fold excess in these two competitions re-
ulted in enhanced disruption of the complexes and
uantitative release of free radioactive probe. The effec-
ive displacement with heterologous competitors indi-
ates that the three subregion RNAs may recognize
ommon protein(s). Interestingly, the 32P-labeled R2
ndary structure of 39 intergenic region. (A) The genomic organization
ion between the envelope gene and the 39 long terminal repeat (LTR).
used for polymerase chain reaction (PCR) amplification of subregion
of 32P-labeled sense RNA probes. The locations and sequences of the
egion are indicated. (B) Illustrates the secondary structure of the
secondary structure analysis program (Matzura and Wennborg, 1996).d seco
nic reg
rimers
ription
genic rNA–protein complex undergoes a supershift to form
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41NUCLEOCYTOPLASMIC EXPORT OF SRV GENOMIC RNAigher molecular weight complexes in the presence of
onradioactive R3 RNA. The formation of these higher
olecular weight complexes may be due to the tethering
f the RNA–protein complex to R3 RNA bound to a
econd protein. This result implies that both the R2 and
he R3 RNAs recognize a common protein at distinct
inding sites and is consistent with the original obser-
ation that R3 RNA appears to form at least two RNA–
rotein complexes (Fig. 4 and more clearly in Fig. 6).
For control experiments, we conducted RNA mobility
hift assays using nonrelevant cRNA probes (represent-
ng the plasmid vector multiple cloning site) and Raji
uclear extracts; no mobility shift was observed using
hese reagents (Fig. 5D). In other control experiments,
e used increasing amounts of tRNA (5–30 mg) as a
onspecific abundant RNA competitor, in binding reac-
ions containing the 32P-labeled complete D2/RHE/OR/V1
TE (contiguous R1-R2-R3 fragment) probe and Raji nu-
lear extracts; under these conditions, we observed nei-
her signal diminution nor signal enhancement, indica-
ive that the presence of abundant RNAs could neither
isrupt or facilitate complex formation by nonspecific
nteraction (B. Li, unpublished observations). Further-
ore, in a third control experiment, we added bovine
FIG. 3. Northern blot analyses of serogroup 2 SRV genomic and
ubgenomic env mRNAs obtained from virus-infected cell lines. Raji
ells were originally cocultivated with peripheral blood lymphocytes
rom D2/CEL/OR-, D2/RHE/OR-, and D2/RHE/OR/V1-infected animals
ORPRC animals 283-06687, 305-13005, and 305-08544, respectively).
he RNA ladder (in kb) is denoted in the left margin.erum albumin (5–20 mg) to binding reactions containing p32P-labeled complete CTE probe without nuclear extract;
o mobility shifts were observed, indicating that the CTE
robe does not undergo nonspecific interaction with
bundant proteins (B. Li, unpublished observations).
ntibody supershift and immunoblotting experiments
ndicate that the bound proteins are not
mmunoreactive to RNA helicase A antibodies
nd may represent novel proteins
RNA helicase A has been implicated as recognizing
he serogroup 1 SRV CTE and is believed to be an
mportant mediator in the nuclear export of unspliced
RV genomic RNA (Tang et al., 1997a). We sought to
etermine if the nuclear proteins recognized in our RNA
obility shift assays were helicase A. Antibody super-
hift and immunoblotting experiments were conducted
sing polyclonal antibodies recognizing RNA helicase A.
s observed in Fig. 6A, the electrophoretic mobilities of
he [32P]RNA–protein complexes using the subregion and
omplete CTE probes were not supershifted in the pres-
nce of anti-helicase A. Upon electrotransfer of this gel
nd subsequent immunostaining with anti-helicase A,
e observed no recognition of the bound proteins with
ntibody; however, unbound helicase present in the nu-
lear extract was recognized by the antibody and immu-
ostained as discrete bands at an electrophoretic posi-
ion above the RNA–protein complexes (Fig. 6B). The
dditional immunostained bands identified in the heli-
ase A supershift lanes were presumably due to inter-
ction of the secondary antibodies in the staining buffer
ith the unbound primary immunoglobulins present in
he original supershift reactions.
V crosslinking and denaturation of RNA–protein
omplexes indicate that a protein of 120 kDa
s recognized by the complete CTE
nd individual subregions
UV crosslinking of RNA–protein complexes, coupled
ith RNase T1/A digestion and denaturing polyacryl-
mide gel electrophoresis, identifies a protein of 120 kDa
olecular weight that interacts with the complete CTE or
ith individual subregion RNAs, apparently recognizing
he CTE RNA at multiple sites of interaction (Fig. 7A). In
ddition to the 120-kDa protein, the complete CTE rec-
gnizes at least four other minor molecules with molec-
lar weights of 65, 42, 30, and 23 kDa. Interestingly, the
1 and R3 RNAs recognize additional proteins of molec-
lar weights similar or identical to those recognized by
he complete CTE (R1, 60 kDa; R3, 88, 60, 29, and 24 kDa).
ased on molecular weight determinations, the R3 RNA
nd complete CTE recognize an overlapping set of three
roteins composed of 120, 29–30, and 23–24 kDa.
In additional experiments, we conducted (1) a RNA
obility shift assay using the 32P-labeled complete CTErobe and individual subregion competitors (Fig. 8A), a
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42 LI ET AL.V-crosslinking/RNase digestion experiment using bind-
ng reactions and competitions described in Fig. 8A,
ither in the presence or in the absence of nuclear
xtract (Figs. 8B and 8C, respectively), and (3) a UV-
rosslinking/RNase digestion experiment using control
inding reactions employing the 32P-labeled complete
TE probe and complete CTE competitors (Fig. 8D).
Using the complete CTE probe, we observed that the
1 competitor effectively displaces the observed RNA–
rotein complex, resulting in the release of free probe at
he highest competitor concentration (1003) (Fig. 8A).
he binding reactions and competitions for this experi-
ent were then subjected to UV crosslinking/RNase
igestion/denaturing polyacrylamide gel electrophore-
is, conducted in the presence or absence of nuclear
xtract (Figs. 8B and 8C, respectively). The predominant
rotein identified by UV crosslinking/RNase digestion is
he 120-kDa protein, which becomes actively displaced
ith the use of the R1 competitor (Fig. 8B). Interestingly,
40-kDa band observed at high competitor concentra-
ions (Fig. 8B; 1003 R1) is an artifact; this band is also
FIG. 4. RNA mobility shift experiments using R1, R2, and R3 subre
ubjected to in vitro transcription (1 mg DNA template, 5 ml [32P]UTP, 3
ense RNA probes. RNA probes were electrophoresed in 6% polyac
iethylpyrocarbonate-treated TE (Tris–EDTA; 400 ml). Recovered RNA pr
10 mg) obtained from uninfected Raji cells or Raji cells infected with ser
lectrophoresed in 6% polyacrylamide gels. In the case of binding r
ompetitors (13, 103, or 1003) were utilized to confirm specificity o
omplexes, and material occluded in the gel well are denoted. Autoraisualized in the absence of nuclear extract (Fig. 8C) and Rs potentially formed by hybridization of complementary
equences creating RNase-resistant duplexes. As ex-
ected, competitions employing the complete CTE probe
nd complete CTE competitor (Fig. 8D) show effective
isplacement of all proteins, including the 120-kDa mol-
cule. The appearance of other proteins (in addition to
he 120-kDa molecule) is apparent to a greater extent in
ig. 8D than in 8B and may be reflective of variations in
he nuclear extract preparation.
In RNA mobility shift assays employing the complete
TE probe and R2 and R3 competitors, we observe that
upershifts are formed at the higher competitor concen-
rations (103 and 1003); in the case of the R2 competitor,
supershift and a partial displacement (at the 103
ompetitor concentration) are observed simultaneously
Fig. 8A). The formation of these higher molecular weight
omplexes may be due to the tethering of R2 or R3
NA–protein complexes bound to the complete CTE
robe simultaneously recognizing other proteins, either
dentical or different to the molecules bound to the un-
abeled subregion RNAs. By subjecting UV crosslinking/
obes. Recombinant plasmids containing individual subregions were
mmol) using SP6 (R1 and R2) or T7 (R3) RNA polymerase to generate
e gels, identified by autoradiography, and eluted from gel slices in
5,000 cpm per reaction) were subjected to binding with nuclear extract
2 virus (D2/RHE/OR/V1; denoted as V1). Protein–RNA complexes were
s using Raji cell nuclear extracts (NE), homologous unlabeled RNA
in–RNA subregion interaction. Positions of free probe, protein–RNA
hs were exposed for 6–24 h.gion pr
000 Ci/
rylamid
obes (2
ogroup
eaction
f proteNase digestion to these competition reactions (Fig. 8B),
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43NUCLEOCYTOPLASMIC EXPORT OF SRV GENOMIC RNAe observe other higher molecular weight proteins (in
ddition to the 120-kDa protein), potentially formed by
rosslinking of multiple proteins placed in close proxim-
ty to each other during the formation of the supershift
omplexes. Interestingly, the 120-kDa molecule is dis-
laced at intermediate competitor concentrations (103;
ig. 8B) in the case of R2 and at higher concentrations
1003) in the case of R3. These observations are con-
istent with our earlier results displayed in Fig. 7A, dem-
nstrating the binding of the 120-kDa protein by the
omplete CTE or with individual R1, R2, and R3 subre-
ions at multiple interaction sites.
Subsequent electrotransfer of the gel displayed in Fig.
A to nylon membranes and immunostaining with anti-
elicase A reveal a 160-kDa protein that does not elec-
rophoretically coincide with any of the proteins recog-
ized by the subregion or complete CTE probes (com-
are Figs. 7A and 7B). This 160-kDa protein is similar in
olecular weight to the reported 150-kDa helicase A
dentified in HeLa cells (Lee and Hurwitz, 1992). Consis-
ent with these immunoblot results, helicase present in
he nuclear extract used in the cross-linking experiments
FIG. 5. RNA mobility shift experiments using heterologous competito
uclear extracts (NE; 10 mg) obtained from Raji cells, in the presence
ompetitions using R1, R2, and R3 cRNA probes are displayed in A, B
olyacrylamide gels. Autoradiograms were exposed for 24 h. In the case
ormed, indicating the potential tethering of R3 RNA with an additiona
abeled cRNA probe (containing plasmid multiple cloning site [MCS
RV-infected Raji cells (D2/RHE/OR [2R NE] or D2/RHE/OR/V1 [V1 NE]as recognized by the anti-helicase antibody and immu- tostained as discrete bands. Helicase was also recog-
ized in the nonradioactive control samples (Fig. 7B)
ontaining total cellular extract, or the nuclear protein
ractions, and also in cells transfected with helicase
xpression recombinants (T. Moudgil, unpublished ob-
ervations).
NA slot-blot analyses indicate that recombinants
ontaining the complete CTE in sense orientation, or
ecombinants containing subregions R2 and R3, can
acilitate or partially facilitate SRV RNA export
To more precisely determine the functional importance
f the intergenic subregions, we deleted the 39 intergenic
egion from an infectious SRV molecular clone D2/RHE/
R/V1 and created a series of recombinants containing
arying combinations of subregion fragments in either
ense or antisense orientations (Fig. 9). Wild-type and
utant SRV recombinants, with the b-galactosidase re-
orter plasmid (pSV-b), were cotransfected into monkey
idney CV-1 cells. At 72 h posttransfection, cells were
tained for b-galactosidase activity. All transfected cul-
subregion RNA probes (25,000 cpm) were subjected to binding with
nce of heterologous unlabeled RNA competitors (13, 103, or 1003).
C, respectively. Protein–RNA complexes were electrophoresed in 6%
R2–R3 competition, high-molecular-weight supershift complexes were
in. In D, RNA mobility shift assays using a nonrelevant radioactively
nces) and nuclear extracts from uninfected Raji cells (Raji NE) or
splayed.rs. CTE
or abse
, and
of the
l prote
] sequeures exhibited approximately 30–35% lac Z-positive
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44 LI ET AL.ells, indicating near equivalency in transfection effi-
iency (B. Li, unpublished observations). From parallel
ransfections, cells were harvested and fractionated into
ytoplasmic and nuclear fractions; RNAs were subse-
uently purified and subjected to RNA slot-blot hybrid-
zation analyses. To identify and distinguish unspliced
RV genomic RNA from spliced subgenomic env mRNA,
e utilized an 853-bp gag gene hybridization probe (po-
ition 762–1614 in the D2/RHE/OR/V1 genome). As
hown in Fig. 10B, hybridization signals were observed
n almost all nuclear RNA fractions obtained from cells
ransfected with SRV recombinants. As expected, nu-
lear RNA from transfections with pSV-b or with calcium
hosphate precipitate alone (mock transfection) did not
rovide hybridization signals with the gag gene probe
Fig. 10B). In the blot containing cytoplasmic RNA frac-
ions from transfectant cells, hybridization signals were
btained only from recombinants containing the com-
lete CTE in sense orientation or from the recombinant
ontaining the R2 and R3 subregions as a contiguous
FIG. 6. Helicase antibody supershift and immunoblotting experimen
nd 9) or absence (A; lanes 2, 5, and 8) of antibody against RNA helica
ot shifted in the presence of anti-helicase antibody (A; lanes 3, 6, and
rom this gel were electrotransferred to a nylon blot and the blot subseq
omplexes were not recognized with anti-helicase A. However, heli
mmunostained as discrete bands; these molecules do not comigrateragment in sense orientation (Fig. 10A). cDISCUSSION
Retroviral replication requires the nucleocytoplasmic
xport of unspliced viral RNAs to serve as templates for
rotein synthesis and to serve as genomic RNA for
ackaging into virion particles (Hammarskjold, 1997;
ullen, 1998). Many complex retroviruses, like the human
mmunodeficiency virus type 1 and human T cell leuke-
ia virus, facilitate nucleocytoplasmic export by encod-
ng trans-acting factors (Rex and Rev, respectively) that
ind directly to cis-acting genomic RNA elements (Rev-
nd Rex-responsive elements, respectively) (Hanly et al.,
989; Olsen et al., 1990; Meyer and Malim, 1994; Utz et
l., 1994; Fischer et al., 1995; Saavedra et al., 1997). The
imple retroviruses, including the type D simian retrovi-
uses and the Rous sarcoma viruses (RSV), do not en-
ode Rev-like trans-acting factors, but instead rely on
ellular proteins to recognize their cis-acting RNA ele-
ents. In SRVs, this RNA element is known as the con-
titutive transport element and has been mapped in the
mobility shift assays were conducted in the presence (A; lanes 3, 6,
he electrophoretic mobilities of the [32P]RNA–protein complexes were
plicating that the bound proteins are not RNA helicase A. Complexes
immunostained with anti-helicase antibody (B). Proteins present within
resent in the nuclear extract was recognized by the antibody and
e RNA–protein complexes.ts. RNA
se A. T
9), im
uently
case pase of MPMV to a 154-nt sequence contained within the
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45NUCLEOCYTOPLASMIC EXPORT OF SRV GENOMIC RNA9 IR. In addition, a sequence identified in the 39 untrans-
ated region of RSV was found to facilitate Rev-indepen-
ent expression of HIV gag gene constructs (Ogert et al.,
996) and is believed to contain a cis-acting element
ecessary for nucleocytoplasmic export of unspliced
enomic RNA.
We have utilized an RNA electrophoretic mobility shift
ssay to detect cellular proteins that can bind to the 39
R, including the CTE, of the serogroup 2 SRV D2/RHE/
R/V1. We designed our IR subregion probes to encom-
ass the 154-nt CTE originally identified for MPMV (Bray
t al., 1994; Tabernero et al., 1996; Ernst et al., 1997b;
ullen, 1998). RNA mobility shift experiments indicate
hat the IR subregion fragments R1, R2, and R3 RNAs
ind host-encoded proteins. Electrophoretically equiva-
ent RNA–protein complexes were obtained using nu-
lear extracts from either uninfected or D2/RHE/OR/V1-
FIG. 7. UV crosslinking and denaturation of RNA–protein complexes
TE or subregion RNAs were formed as described under Materials an
Stratalinker UV-crosslinking oven and treated with RNase T1/A as d
ubjected to SDS–polyacrylamide gel electrophoresis (A). As protein co
lso denatured and subjected to electrophoresis in 8% polyacrylami
Nase-digested probe fragments. This gel was electrotransferred to
nti-helicase antibody (B) as described under Materials and Methods.nfected Raji cells, providing evidence that the bound orotein(s) is host encoded. In addition, binding reactions,
sing viral proteins obtained from D2/RHE/OR/V1 virions,
id not shift the electrophoretic mobility of the R1, R2, or
3 RNA probes (data not shown), providing additional
erification that the bound proteins are host encoded.
eterologous competition assays demonstrate that the
ubregion RNA–protein complexes can be disrupted and
rovide evidence of interaction of each individual IR
robe with a common protein(s). UV crosslinking and
enaturation of the RNA–protein complexes, coupled
ith polyacrylamide gel electrophoresis, indicate that
he complete CTE, and each individual subregion, rec-
gnizes an identically sized protein with a molecular
eight of 120 kDa. This observation is consistent with
he heterologous competition experiments, which infer
nteraction of each subregion RNA with a common pro-
ein. In addition, the complete D2/RHE/OR/V1 CTE rec-
yacrylamide gel electrophoresis. RNA complexes using the complete
ods. Complexes were irradiated with UV light for 30 min on ice using
d under Materials and Methods. Samples were then denatured and
total cell extract (40 mg) and nuclear protein preparations (20 mg) were
. Radioactive signals at the bottom of the autoradiogram represent
n membrane and the membrane subsequently immunostained withfor pol
d Meth
escribe
ntrols,
de gels
a nylognizes at least four other proteins with molecular
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47NUCLEOCYTOPLASMIC EXPORT OF SRV GENOMIC RNAeights of 65, 43, 30, and 23 kDa, and the R3 recognizes
n additional protein with a molecular weight of 88 kDa.
nterestingly, three of these proteins have molecular
eights nearly identical to proteins interactive with the
FIG. 8. UV crosslinking and denaturation of RNA–protein complexe
25,000 cpm) were subjected to binding with nuclear extracts (NE; 10 mg
NA competitors (13, 103, or 1003) (A). In parallel reactions, sampl
aterials and Methods, either in the presence or in the absence of R
omplete CTE probe and complete CTE competitor, followed by UV
roteins (in addition to the 120-kDa molecule) is apparent to a greater d
reparation. The positions of the gel well of the nondenaturing gel (A) a
enaturing gels (B, C, and D) are marked. Radioactive signals at the b
FIG. 9. Recombinants containing varying combinations of subregion
R/V1 is the infectious molecular clone described by Marracci et al.
ontain a 6-bp SmaI linker used for insertion of the intergenic subreg
rientations.ragments. Arrows in B and C denote potential RNase-resistant duplex structPMV and SRV-1 CTEs (Tang et al., 1997b; Pasquinelli et
l., 1997); Tang et al. have identified 65- and 40-kDa
nteractive proteins, while Pasquinelli et al. has identified
n 85-kDa interactive protein. These experiments sup-
complete CTE probe and subregion competitors. CTE RNA probes
ed from Raji cells, in the absence or presence of unlabeled subregion
e subjected to UV-crosslinking/RNase digestion as described under
lear extract (B and C, respectively). Binding reactions employing the
king/RNase digestion, are displayed in D. The appearance of other
in D than in B and may be reflective of variations in the nuclear extract
gel interface between the stacking and the running gel portions of the
f the autoradiograms in B, C, and D represent RNase-digested probe
nts in either sense or antisense orientations. The wild-type D2/RHE/
All other recombinants, including the CTE-deficient clone [p(CTE)2],
ments. Direction of the arrows denotes sense (3) or antisense (4)s using
) obtain
es wer
aji nuc
crosslin
egree
nd the
ottom ofragme
(1999).
ion fragures.
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48 LI ET AL.ort the premise that the 120-kDa molecular weight pro-
ein recognizes the CTE at a minimum of three RNA
eterminants, each determinant contained within an in-
ividual subregion. Other proteins (65, 43, 30, and 23 kDa
olecular weight) also recognize the complete CTE, but
o not consistently form RNA–protein complexes when
FIG. 10. Slot-blot hybridization analyses of SRV RNA in the nuclear
nd cytoplasmic portions of transfectant cells. SRV recombinants iden-
ified in Fig. 9 and b-galactosidase reporter were cotransfected into
onkey CV-1 cells using the calcium precipitation method of Chen and
kayama (1987). Transfection efficiency was evaluated by lac Z stain-
ng in parallel cultures and was confirmed to be nearly equivalent
approximately 30–35% lac Z positive) in all transfections examined.
NAs (5 mg) from both the cytoplasmic (A) and the nuclear fractions (B)
f transfectants were transferred to nylon membranes using a vacuum
anifold slot-blot apparatus. Membranes were then hybridized with the
53-bp gag gene probe encompassing nucleotide positions 762–1614
n the D2/RHE/OR/V1 genome. The terms 2R/V1, pSV-b, and mock are
n reference to transfections using the D2/RHE/OR/V1 infectious mo-
ecular clone, b-galactosidase reporter plasmid alone, or calcium phos-
hate precipitate (without DNA), respectively. All other terms represent
bbreviations of plasmid recombinants described in Fig. 9.sing the subregion RNAs, indicating that secondary structure of the complete CTE may be important for the
inding of these additional molecules, either through
irect RNA–protein interaction or through protein–protein
nteraction. We cannot rule out the functional importance
f any of these proteins in the nucleocytoplasmic export
f SRV RNA.
Computer modeling of the MPMV and SRV-1 CTE re-
ion predicts the folding of a stable stem–loop structure
ontaining two near-identical 16-nt internal loops, a 9-nt
erminal loop, and several bulges, including the AAGA
ulge located adjacent to the lower internal loop (Tab-
rnero et al., 1996; Ernst et al., 1997b; Cullen, 1998).
nterestingly, the D2/RHE/OR/V1 CTE region forms a
lightly smaller upper internal loop (14 nt, loop 2; Fig. 2B)
nd converts two minor bulges identified in the SRV-1
nd MPMV CTEs into minor loops (see Fig. 2B). These
hanges in the predicted secondary structure of the
2/RHE/OR/V1 CTE are consistent with the observed
hanges in corresponding nucleotide sequence (Fig. 1).
Mutational analyses of the MPMV CTE revealed that
he secondary structure, specifically conservation of the
wo major internal loops and adjacent stem structure and
AGA bulge, were essential for function in mammalian
ells (Tabernero et al., 1996; Ernst et al., 1997b; Cullen,
998). Compensatory double mutations in the central
elical region of the MPMV CTE, which altered the pri-
ary sequence but maintained base pairing to conserve
econdary structure, allowed translation of gag proteins
o occur in mammalian cell transfectants, indicative of
uccessful nucleocytoplasmic export of SRV genomic
NA (Tabernero et al., 1996; Ernst et al., 1997b; Cullen,
998). Interestingly, maintenance of the exact length of
he intervening stem between the two major internal
oops is essential for function (Tabernero et al., 1996;
rnst et al., 1997b; Cullen, 1998). In mammalian cell
ransfectants, both major internal loops, or duplicate cop-
es of either the upper or the lower internal loop, are
ssential for maximal function. Alternatively, microinjec-
ion of CTE recombinants into Xenopus oocytes demon-
trates that the CTE can be fully functional with only one
oop structure (Pasquinelli et al., 1997; Gruter et al., 1998).
hese two internal loops and the AAGA bulge were also
mplicated as potential binding sites for protein interac-
ion (Tabernero et al., 1996; Ernst et al., 1997b; Cullen,
998).
The R1 subregion contains the 59 face (A) of loop 1 and
9 face (B9) of loop 2 (Fig. 2B). The R2 and R3 subregions
ontain the 39 face (A9) of loop 2 and the 39 face (B) of
oop 1, respectively (Fig. 2B). Since A and A9 and B and B9
re identical or near identical, and the composite internal
oops have been proposed as sites for protein interac-
ion, each face of both internal loops may represent a
otential binding site for protein recognition. This inter-
retation is consistent with our competition assays using
eterologous IR subregion competitors, in which we ob-
erve that R1 containing A and B9 can undergo effective
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49NUCLEOCYTOPLASMIC EXPORT OF SRV GENOMIC RNAompetition with R2, which contains A9, and R3, contain-
ng B can undergo effective competition with R1, which
ontains A and B9. This indicates that all three subregion
NAs may have the capacity to interact with the same
rotein at two distinct protein determinants; one deter-
inant interacts with either A or A9 and the second
eterminant with B or B9.
In contrast, competition of R2 RNA–protein complexes
ith R3 RNA did not result in the release of free radio-
ctive probe, but produced a supershift complex (Fig. 5).
ince R2 and R3 contain different loop faces (e.g., R2 and
3 contain A9 and B, respectively), these two subregion
NAs contain complementary binding elements that can
ecognize the same protein at two distinct protein deter-
inants. Thus, the supershift complex occurs when the
2–protein complex becomes tethered to R3 bound to a
econd additional protein, consistent with the initial ob-
ervation that R3 forms at least two RNA–protein com-
lexes (Fig. 4).
Several proteins have been implicated in RNA nucle-
cytoplasmic export, including the hnRNP A1 in the ex-
ort of mRNA and CBP20 and CBP80 in the export of U
nRNA (Guddat et al., 1990; Ulrich et al., 1990; Vankan et
l., 1990). Recently, two proteins, RNA helicase A and
AP, have been identified as potential factors in the
ucleocytoplasmic export of unspliced MPMV and SRV-1
NA (Tang et al., 1997a; Gruter et al., 1998). To determine
f the RNA–protein complexes contain RNA helicase A,
e conducted antibody supershift assays and immuno-
lotting analyses using polyclonal antibodies recogniz-
ng this nuclear protein. Anti-helicase A antibody was
mmunoreactive to helicase in the Raji total cellular ex-
ract and nuclear fraction (Fig. 7) and also to molecules
xpressed in transfectants containing helicase expres-
ion recombinants (T. Moudgil, unpublished observa-
ions), but was not reactive to proteins contained in the
NA–protein complexes (Fig. 6). In addition, in immuno-
lots containing denatured RNA binding proteins (Fig. 7),
mmunostained helicase did not coincide electrophoreti-
ally with any of the radioactively tagged proteins iden-
ified in the corresponding autoradiogram. These results
ndicate that the D2/RHE/OR/V1 CTE-bound protein(s) is
ot RNA helicase A and may represent a novel protein(s).
he possibility that the immunoreactive epitopes on
elicase A may be blocked by RNA binding is not likely,
ince in the supershift reactions all three components,
NA, protein extract, and antibody, are combined simul-
aneously. We have attempted to use antibodies reactive
gainst TAP in similar immunoblotting and supershift
xperiments; however, the antibodies available are ex-
remely weak and unable to identify TAP from Raji cells
using either total cellular or nuclear extracts) using
estern blot approaches, do not induce antibody super-
hifts following interaction of Raji nuclear protein with
TE probes, and are unable to detect immunoreactive
ignals in Northwestern blots of RNA mobility shift as- tays using CTE probes (B. Li and T. Moudgil, unpub-
ished observations).
We have demonstrated that any one of the CTE sub-
egions (R1, R2, or R3), as well as the complete CTE, can
ecognize the 120-kDa protein, but only the complete
TE recombinant or the partial recombinant containing
he R2 and R3 subregions as a contiguous sequence in
ense orientation can facilitate nucleocytoplasmic export
f SRV RNA (Figs. 7, 8, and 10). This infers that partial
ecombinants containing R1 alone or other single or
ouble combinations of the subregions, even though
hey may recognize the 120-kDa molecule, are incapable
f mediating nucleocytoplasmic RNA export. Mutagene-
is studies conducted by other investigators (Tabernero
t al., 1996; Ernst et al., 1997b; Cullen, 1998) indicate that
he two internal loops found in the complete CTE may
erve as cooperative binding sites for protein interaction
nd that conservation of both internal loops was impor-
ant for nucleocytoplasmic RNA export. Interestingly, the
2R3 recombinant is the only recombinant (excluding the
ense-orientation complete CTE recombinant) that con-
ains two loop sequences (A9 and B) forming the faces of
wo terminal loops (Fig. 11). In all other recombinants, the
, B, A9, or B9 sequences form the face of only one
nternal or terminal loop or form a partially closed duplex
tructure with complementary sequences (unpublished
bservations). Our functional evidence may infer that
ecombinants containing only one open loop with A, B,
9, or B9 faces (and hence only one potential protein
inding site), even though they may recognize the 120-
Da molecule, may be insufficient for nucleocytoplasmic
NA export observed in the complete CTE or R2R3 re-
ombinants.
In the case of the partial recombinant containing R1
lone (which contains sequences equivalent to the A and
9 faces found in the complete CTE), only the B9 se-
uence forms a face of a terminal loop; the A sequence
n the R1 recombinant is not completely present in an
pen loop and is partially recognized by complementary
equences forming a closed duplex structure (unpub-
ished observations). The R2 recombinant contains only
he A9 sequence forming the face of a terminal loop;
ence this recombinant contains only one potential pro-
ein binding site. The R3 recombinant contains only the B
equence, present as a partial duplex with complemen-
ary sequences. In the R1R2 recombinant, the B9 and A9
aces form the opposing sides of an internal loop, iden-
ical to what is observed in the complete CTE; however,
he A sequence forms a closed partial duplex with other
omplementary sequence, creating only one potential
rotein binding site in this recombinant. In the R1R3
ecombinant, the B sequence is present within a terminal
oop, while the A sequence is again present as a partial
uplex.
In all cases using antisense recombinants, in which
he A, B, A9, or B9 sequence is expressed as reverse
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50 LI ET AL.omplement within the SRV genomic RNA, these se-
uences form at most only one open face within a loop
nd in most cases form duplex structures or partial
uplexes with complementary sequences.
For some SRV recombinants, we attribute the lack of
NA signal in the nuclear fraction to instability of the
utated genomic RNA. Interestingly, UV crosslinking of
NA–protein complexes and subsequent resolution in
enaturing polyacrylamide gel electrophoresis indicates
hat an electrophoretically equivalent protein of 120-kDa
olecular weight can be recognized by the complete
TE and individual subregion fragments. This indicates
he existence of multiple points of contact within the CTE
nd that multiple RNA–protein interactions are important
or nucleocytoplasmic export of unspliced SRV RNA.
MATERIALS AND METHODS
iruses, cell lines, antibody reagents,
nd computer program
An infectious molecular clone of a serogroup 2 simian
FIG. 11. Secondary structure of the R2R3 SRV recombinant. The seco
he RNA Draw analysis program (Matzura and Wennborg, 1996). Seco
lso conducted; in all cases, with the exception of the complete CTE a
ormed the face of only one internal or terminal loop or formed a partietrovirus, D2/RHE/OR/V1, has been previously isolated ind sequenced in entirety (Marracci et al., 1999). The
nfectious D2/RHE/OR/V1 molecular clone utilized in
hese current studies was a pBR322 plasmid recombi-
ant. The human lymphoblastoid Raji cell line (ATCC CCL
6) was cultured in RPMI 1640 medium, supplemented
ith 10% heat-inactivated fetal calf serum (FCS), 1% peni-
illin–neomycin–streptomycin (PNS), and 1% L-glutamine.
2/RHE/OR/V1 virion particles were obtained from fil-
ered (0.45 mm) culture medium of infected Raji cells and
ere concentrated by ultracentrifugation. Raji cells were
riginally cocultivated with peripheral blood lymphocytes
rom D2/CEL/OR-, D2/RHE/OR-, and D2/RHE/OR/V1-in-
ected animals (ORPRC animals 283-06687, 305-13005,
nd 305-08544, respectively) to produce the serogroup 2
RV-infected cell lines used for Northern blot analyses.
he origin of these serogroup 2 SRV-infected cell lines
as been previously described (Pilcher et al., 1994). Mon-
ey kidney CV-1 cells (ATCC CCL 70) were cultured in
ulbecco’s modified Eagle medium (Sigma Chemicals),
upplemented with 2.5% heat-inactivated FCS, 7.5% heat-
structure of the sense-orientation R2R3 recombinant was analyzed by
tructure analyses for all other recombinants described in Fig. 9 were
sense-orientation R2R3 recombinant, the A, A9, B, and B9 sequences
ex structure with complementary sequences.ndary
ndary s
nd thenactivated calf serum, 1% PNS, and 1% L-glutamine.
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51NUCLEOCYTOPLASMIC EXPORT OF SRV GENOMIC RNAabbit polyclonal antibody against RNA helicase A and
he helicase A cDNA expression recombinant were
indly provided by Dr. Jerald Hurwitz (Sloan–Kettering
nstitute, New York) and have been described elsewhere
Lee and Hurwitz, 1992, 1993). Rabbit polyclonal antibody
gainst TAP was provided by Dr. Jae Jung (New England
egional Primate Research Center) and has been de-
cribed in Yoon et al. (1997). Secondary structure analy-
es were conducted with the use of the RNAdraw pro-
ram described in detail by Matzura and Wennborg
1996).
orthern blot analyses of simian retrovirus RNA
Total RNA was extracted from Raji cells infected with
2/RHE/OR, D2/RHE/OR/V1, or D2/CEL/OR using the
henol–guanidinium thiocyanate method (Ausubel et al.,
987) and subsequently electrophoresed in formalde-
yde-agarose (1%) gels. RNA was transferred to nylon
embranes (Magna NT) and subjected to UV crosslink-
ng. Blots were prehybridized in 40% formamide, 53 SSC,
3 Denhardt’s solution, 1% sodium dodecyl sulfate, and
00 mg/ml denatured salmon sperm DNA for 2 h at 42°C,
rior to hybridization with a serogroup 2 SRV env PCR
robe (2 3 106 cpm/ml; 24 h, 42°C; gp20 fragment gen-
rated by primer pair RS1–RS2 [position 7263–7613, rel-
tive to the D2/CEL/OR genomic sequence]). Posthybrid-
zation washes were conducted with 23 SSC/1% SDS for
5 min at room temperature (three times), 23 SSC/1%
DS for 10 min at 42°C (three times), 23 SSC/1% SDS for
0 min at 58°C (three times), and 0.23 SSC/1% SDS for
5 min at 42°C (three times). Autoradiography was con-
ucted for 4 days at 285°C.
rimers and probes
Individual subregions of the intergenic spacer (R1, R2,
nd R3; primers identified in Fig. 2) were amplified by
CR and subcloned into pGEM 3Zf(1); recombinants
ere verified by sequence analyses. PCR was con-
ucted using D2/RHE/OR/V1 molecular clone DNA (50
g) as template, in a core buffer consisting of 20 mM
ris–HCl (pH 8.4), 50 mM KCl, 200 mM each dNTPs, 100
mol of each primer, and 2.5 units of Taq DNA polymer-
se (BRL). The reaction mixture was subjected to an
nitial denaturation at 95°C for 1 min, followed by 30
ycles of 95°C for 1 min, 50°C for 1 min, and 72°C for
0 s. A final extension at 70°C for 15 min was performed
ollowed by a 4°C soak. Nonradioactive sense RNAs
ere synthesized by in vitro transcription (37°C for 2 h),
sing 103 transcription buffer (10 ml), 0.1 M DTT (10 ml),
Nase inhibitor (40 units; Ambion), 2.5 mM rNTPs (20 ml),
inearized DNA template (5 mg), and T7 (R1 and R2) or
P6 (R3) RNA polymerase (2 ml, 20 U/ml; Ambion). Ra-
ioactive sense RNAs were synthesized by in vitro tran-
cription (37°C for 2 h), using 103 transcription buffer (10
l), 0.1 M DTT (10 ml), RNase inhibitor (40 units; Ambion), i.5 mM rNTP (rATP, rGTP, rCTP), 0.05 mM rUTP,
a-32P]rUTP (3000 Ci/mmol, 5 ml), linearized DNA tem-
late (1 mg), and T7 (R1 and R2) or SP6 (R3) RNA poly-
erase (1 ml, 20 U/ml; Ambion). RNase-free DNase (1 U;
romega) was then added into the reaction mix for all in
itro transcriptions to digest the template DNA (37°C for
0 min). The labeled RNA probes were electrophoresed
n 6% polyacrylamide/8 M urea gels, eluted in diethylpy-
ocarbonate-treated 13 TE, and then purified by organic
xtractions and ethanol precipitation, prior to use in RNA
obility shift assays.
uclear extracts
Raji cells (107) were washed with phosphate-buffered
aline (PBS) and suspended in hypotonic buffer A (400
l; 10 mM HEPES–KOH, pH 7.9, 1.5 mM MgCl2, 10 mM
Cl, 0.2 mM PMSF, 0.5 mM DTT, aprotinin [1 mg/ml],
eupeptin [0.5 mg/ml], and pepstatin [0.7 mg/ml]) on ice
or 10 min. The swollen cells were vortexed for 30 s; cell
ysis was monitored by trypan blue exclusion (lysis .
0%). The nuclei were pelleted by low-speed centrifuga-
ion (3300 g; the supernatant was retained as the cyto-
lasmic fraction) and resuspended in cold buffer C (20
M HEPES–KOH, pH 7.9, 25% glycerol, 1.5 mM MgCl2,
20 mM NaCl, 0.2 mM EDTA, 0.2 mM PMSF, 0.5 mM DTT,
protinin [1 mg/ml], leupeptin [0.5 mg/ml], and pepstatin
0.7 mg/ml]). The resuspended nuclei were incubated on
ce for 20 min to release soluble nuclear proteins. The
esulting nuclear extract was then centrifuged at 10,000
for 2 min at 4°C to quantitatively remove unlysed
uclei; the supernatant (or nuclear protein fraction) was
hen used as material for RNA mobility shift assays.
rotein concentration of the supernatant (nuclear protein
raction) was then determined by optical density at an
bsorbance of 280 nm.
NA mobility shift assay
Binding reactions were conducted for 30 min at 37°C,
sing 53 binding buffer (4 ml; 100 mM Tris–HCl, pH 7.9,
50 mM NaCl, 50% glycerol, 0.5 mM DTT, poly[dI–dC],
Nasin [40 U; Ambion], nuclear extract [10 mg], yeast
RNA [1 mg], 32P-labeled RNA probe [25,000 cpm; 0.5–1
g]) and DEPC-treated water adjusted to a total volume
f 20 ml. Samples were electrophoresed in 6% polyacryl-
mide gels and subjected to autoradiography at 285°C.
nlabeled cRNAs were used as homologous and heter-
logous competitors and were added to the binding
eaction at the time of probe addition. Binding experi-
ents using control competitors (e.g., cRNAs containing
lasmid vector multiple cloning site [MCS]) were also
onducted; the MCS cRNA probe consists of 56 bases
position of transcribed sequence from pGem 3Zf(1) is
osition 1–56), transcribed from pGem 3Zf(1) using T7
NA polymerase. Other control binding reactions to ver-fy specificity, including the use of increasing amounts of
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52 LI ET AL.RNA (5–30 mg) or bovine serum albumin (5–20 mg), were
lso conducted. In addition, antibody supershift assays
ere also conducted with the concurrent addition of
elicase A antibody (2 ml of 1:100 dilution, 4°C for 18 h)
o the binding reactions.
For use in protein size determinations, binding reac-
ions were conducted in the absence of RNase inhibitor
nd with the use of 20 mg nuclear extract and 100,000
pm of 32P-labeled RNA probe for 30 min at 37°C. RNase
1 (1 U) was added to the binding reactions and allowed
o incubate for 15 min at 37°C. The reaction mixtures
ere then placed on ice and subjected to ultraviolet
rradiation for 30 min in a crosslinking oven (Stratalinker
ven; Stratagene). Noncovalently bound ribonucleotides
ere degraded by addition of RNase A (1 ml of 0.6 mg/ml,
7°C, 15–30 min). The reaction mixtures were added to
qual volumes of 23 loading buffer (100 mM Tris–HCl,
H 6.8, 200 mM dithiothreitol, 4% sodium dodecyl sulfate
SDS], 2% bromophenol blue, and 20% glycerol), boiled
or 5 min, and subjected to electrophoresis in an 8%
olyacrylamide (acrylamide:bisacrylamide, 29:1; supple-
ented with SDS) gel and autoradiography (285°C,
0–72 h).
lectrotransfer to nylon membranes and
mmunoblotting procedures
In some cases, following SDS–PAGE, proteins were
lectrotransferred onto nylon membranes (Micron Sepa-
ation, Inc.; Magna NT; 0.22 mm pore size). Briefly, gels
ere presoaked in transfer buffer (39 mM glycine, 48 mM
ris–base, 0.037% SDS, and 20% methanol) for 5 min,
rior to transfer in an electrotransfer apparatus (Bio-Rad
initransfer cell) at 100 V/h. Following electrotransfer,
els were stained with Coomassie blue to ascertain
omplete transfer of proteins. To prepare for immuno-
taining, blots were presoaked in 13 TTBS (0.05% Tween
0, 20 mM Tris–HCl [pH 7.5], 500 mM NaCl) and then
locked with 1% bovine serum albumin (fraction V) in 13
BS (20 mM Tris–HCl [pH 7.5], 500 mM NaCl) for 1 h. The
lots were then washed twice with 13 TTBS, prior to the
ddition of primary antibody (rabbit polyclonal anti-heli-
ase A, 1:3000, or rabbit polyclonal anti-TAP, 1:200) in
locking solution (5 ml). The primary antibody was then
ncubated for 2–5 h at room temperature with gentle
gitation. Goat anti-rabbit-conjugated horseradish perox-
dase secondary antibody was diluted (1:200 to 1:2000) in
ntibody buffer (1.5 ml FCS 1 13.5 ml 13 TBS ) and
verlaid onto the blot for 1 h with gentle agitation. Mem-
ranes were then washed twice with 13 TTBS, once with
3 TBS, prior to addition of horseradish peroxidase color
evelopment solution (4-chloronaphthol [60 mg], ice-cold
ethanol [20 ml], 3% H2O2 [60 ml] in 13 TBS [100 ml]) for
0 min. The membranes were then washed with water to
uench signal development.To visualize total protein on immunoblots, membranes cere stained with Ponceau’s stain (2% stain in 3% trichlo-
oacetic acid) for 5 min at room temperature with gentle
gitation. To quench the staining, membranes were
ashed with several changes of deionized water, fol-
owed by a 30-s rinse with 1% dried milk in water and a
econd rinse with water.
utagenesis procedures
Mutagenesis was conducted with the Quickchange
ite-directed mutagenesis kit (Stratagene). Briefly, syn-
hesis of the mutated strands was conducted according
o the kit protocol, with the exception that 250 ng tem-
late DNA was used instead of 50 ng. After the synthesis
nd DpnI digestion, an aliquot (5 ml) of the reaction mix
as transformed into Epicurian Coli XL-Blue supercom-
etent cells. Clones were obtained by screening with
CR and subsequently confirmed by restriction digestion
nd direct sequence analyses. Sequencing was con-
ucted by the ORPRC Molecular Biology Core Facility
sing the Perkin–Elmer/Applied Biosystems automated
equencer (373 DNA Sequencer Stretch; Foster City, CA).
equence was confirmed in both directions. The entire
9 intergenic region was deleted from the D2/RHE/OR/V1
olecular clone to construct the recombinant pFPC1. A
maI restriction site was inserted into pFPC1 at the
unction between the env gene and the 39 LTR; this new
ecombinant was called CTE(2). PCR fragments contain-
ng the intergenic subregions either individually or in all
ombinations were inserted into the SmaI restriction site
f recombinant CTE(2).
ransfection of mutant SRV recombinants
Transfections of D2/RHE/OR/V1 mutant recombinants
nto CV-1 monolayer cultures used the calcium phos-
hate precipitation method as described by Chen and
kayama (1987). Plasmid DNA used for transfections
as prepared by two cycles of cesium chloride equilib-
ium density gradient centrifugation. CV-1 cells (5 3 105
ells/100-mm dish) were cotransfected with D2/RHE/
R/V1 mutant recombinant DNA (10 mg) and pSV-b ga-
actosidase plasmid DNA (Promega Corp., 10 mg). Cul-
ures were propagated for 72 h following transfection, to
llow sufficient time for transcription and export of viral
NA from the nuclei. Transfection efficiency was deter-
ined in parallel transfection dishes using b-galactosi-
ase staining, as described in Ausubel et al. (1987).
NA fractionation and slot-blot hybridization
At 72 h posttransfection, cells were trypsinized and
ashed twice with 13 PBS and processed for RNA
ractionation and slot-blot hybridization. Briefly, lysis
uffer (0.2% NP-40, 0.7% TX-100, 100 mM NaCl, 1.5 mM
gCl2) was added into each plate of cells and incubated
n ice for 3 min. The lysis buffer, which contains the
ytoplasmic extract, was then removed from the plate,
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53NUCLEOCYTOPLASMIC EXPORT OF SRV GENOMIC RNAnd cytoplasmic RNA was subsequently purified using
he Qiagen RNeasy Mini Kit (Qiagen). Stat 60 reagent (1
l; Tel-Test, Inc.) was added to each plate immediately
ollowing removal of the lysis buffer to collect the nuclei;
uclear RNA was subsequently purified by following the
tat 60 reagent protocol. RNA preparations were treated
ith 2 units of RNase-free DNase (Promega) at 37°C for
0 min to eliminate any contaminating DNA and quanti-
ated by optical density at an absorbance of 260 nm. RNA
amples (5 mg) were transferred to nylon membranes
sing a vacuum manifold slot-blot apparatus. Mem-
ranes were then hybridized with the 853-bp gag gene
robe encompassing nucleotide positions 762–1614 in
he D2/RHE/OR/V1 genome.
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